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Edited by Maurice MontalAbstract A direct interaction of the regulatory domain (R do-
main) of the cystic ﬁbrosis transmembrane conductance regula-
tor protein (CFTR) with PR65, a regulatory subunit of the
protein phosphatase 2A (PP2A), was shown in yeast two hybrid,
pull-down and co-immunoprecipitation experiments. The R do-
main could be dephosphorylated by PP2A in vitro. Overexpres-
sion of the interacting domain of PR65 in Caco-2 cells, as well as
treatment with okadaic acid, showed a prolonged deactivation of
the chloride channel. Taken together our results show a direct
and functional interaction between CFTR and PP2A.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cystic ﬁbrosis is a lethal disorder caused by a defect in the
cystic ﬁbrosis transmembrane conductance regulator protein
(CFTR). This protein functions as a cAMP-activated chloride
channel and is composed of two transmembrane segments, two
nucleotide binding folds (NBF) and a regulatory domain (R
domain) [1,2]. The R domain harbours multiple consensus sites
for phosphorylation by protein kinase A (PKA) and protein
kinase C (PKC). The phosphorylation of the R domain in
combination with ATP binding and hydrolysis at the NBF
mainly regulates the opening of the CFTR channel [3].
Protein phosphatase 2A (PP2A) constitutes one of the major
families of serine/threonine phosphatases found in all eukary-
otic cells. It has a wide range of biological functions [4] and ex-
ists in the cell in diﬀerent forms. The core enzyme is composed
of a 36 kDa catalytic subunit (PP2ACAT) and a 65 kDa regula-
tory subunit (PR65). PR65 is tightly associated with PP2ACAT
to form a scaﬀold to which a third variable B subunit can bind.Abbreviations: AA, amino acids; CFTR, cystic ﬁbrosis transmembrane
conductance regulator protein; PKA, protein kinase A; PKC, protein
kinase C; OA, okadaic acid; PP2A, protein phosphatase 2A; PR1-10,
ﬁrst 10 HEAT repeats of PR65; PR65, 65 kDa regulatory subunit of
PP2A; R domain, regulatory domain of CFTR; Y2H, yeast two hybrid
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doi:10.1016/j.febslet.2005.04.079The crystal structure of PR65 is made up of 15 imperfect
repeating units named HEAT repeats [5]. The ﬁrst 10 HEAT
repeats of PR65 (PR1-10) bind to the B subunits, the last 5
(PR11-15) bind to PP2ACAT [6].
The purpose of the present study was to identify proteins
that interact with the R domain of CFTR. An R domain,
encompassing amino acids (AA) 672 through 855, was used
to ﬁnd interacting partners. Here, we provide evidence that
CFTR interacts physically with PR65, a regulatory subunit
of PP2A, via the R domain. This interaction plays a role in
deactivating the channel.2. Materials and methods
2.1. Plasmids
The R domain cDNA, encoding AA 672–855 of CFTR, was cloned
in the pAS2.1 vector (Clontech) and the pET22b(+) vector (Novagen).
Full-length CFTR-cDNA in pcDNA3 was a kind gift of dr. Anne
Vankeerberghen. PR1-10 (encoding AA 1-399 of PR65a) and PR11-
15 (encoding AA 400–589 of PR65a) cDNAs were cloned in the
pACT2 vector (Clontech). PR65a-cDNA was cloned in the pGEX-
2T vector (Amersham Biosciences). The full-length PR65a and PR1-
10 -cDNAs were cloned into the bicistronic green ﬂuorescent protein
(GFP) vector [7]. PP2ACATa-cDNA was cloned in pRK172. All con-
structs were veriﬁed by DNA sequencing.
2.2. Yeast two hybrid (Y2H)
Saccharomyces cerevisiae strain CG1945, yeast containing the HIS3
and lacZ reporter genes, was transformed with the pAS2.1-R domain
vector and a human total lung cDNA library in the pACT2 vector
using the lithium acetate transformation protocol [8]. Cells were grown
on selective dropout plates to check for HIS3 positive colonies. Colony
lift replica ﬁlters were made to measure b-galactosidase activity.
Brieﬂy, a nitrocellulose membrane was placed onto the agar plates,
lifted oﬀ, submerged in liquid nitrogen for 10 s and then placed onto
Whatmann paper saturated with Z-buﬀer (60 mM Na2HPO4, 40 mM
NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.033% X-Gal, pH 7).
Filters were incubated at 30 C and appearance of blue colour was
checked.
pACT2-PR1-10 and pACT2-PR11-15 were transformed to yeast
cells containing the pAS2.1-R domain vector. Activation of the two
reportergenes was determined.
2.3. GST pull-down experiments
pcDNA3-CFTR, pET22b(+)-R domain and pRK172-PP2ACAT
were used to prepare in vitro synthesized 35S methionine-labeled
CFTR, R domain-HIS and PP2ACAT using the TNT T7 transcrip-
tion/translation coupled system (Promega). GST-PR65 and free GST
protein were produced in Escherichia coli BL21-pLys cells and puriﬁed
on glutathione sepharose beads (Amersham Biosciences). The GSTblished by Elsevier B.V. All rights reserved.
Table 1
Results of Y2H experiments using diﬀerent R domain and PR65
constructs




pAS2.1-R domain + pACT2 
pAS2.1-R domain + pACT2-PR65 +
pAS2.1 + pACT2-PR65 
pAS2.1-R domain + pACT2-PR1-10 +
pAS2.1-R domain + pACT2-PR11-15 
A. Vastiau et al. / FEBS Letters 579 (2005) 3392–3396 3393pull-down binding reactions contained 20 ll of 35S methionine-labeled
proteins, 1 lg of GST or GST-PR65, 25 ll of glutathione sepharose
beads, and NENT100 buﬀer (20 mM Tris–HCl, pH 7.4; 1 mM EDTA,
0.1% Nonidet P-40, 25% glycerol, 100 mM NaCl, 1 mg/ml BSA) to a
ﬁnal volume of 500 ll. Incubation was done at 4 C for minimum
4 h on a rotating wheel. The beads were washed ﬁve times with
NENT300 (NENT with 300 mM NaCl). The samples were analyzed
by SDS–PAGE and imaged using a PhosphorImager (Amersham Bio-
sciences).
2.4. Cell culture and transfection
COS-7 and Caco-2 cells were obtained from the American type cul-
ture collection.
COS-7 cells were cultured in DMEM:F-12 (1:1 mixture, Gibco BRL)
containing 10% foetal calf serum (FCS) and were transfected using
electroporation (BioRad Gene Pulser).
Caco-2 cells were grown in DMEM containing 20% FCS and trans-
fected with bicistronic GFP vectors containing the respective cDNA
constructs, using TransIT-293 Transfection Reagent (Mirus Corp.).
Twenty-four hours after transfection, the cells were trypsinized and
seeded on gelatin-coated coverslips and used for electrophysiological
measurements within 2–4 days. The transfected cells were visually iden-
tiﬁed in the patch-clamp set-up by the presence of GFP expression.
2.5. Western blot analysis
Protein samples were size fractionated by electrophoresis and trans-
ferred to a Hybond-C extra nitrocellulose membrane (Amersham Bio-
sciences). CFTR was detected with a mixture of two mouse
monoclonal antibodies (MAB1660 raised against the R domain and
MAB 25031 raised against the C-terminus of CFTR, R&D systems),
followed by HRP-goat anti-mouse IgG (BioRad). PR65 was detected
using a goat polyclonal antibody (sc-6112, Santa Cruz Biotechnology),
followed by HRP-rabbit anti-goat antibody (Dako). Immunoreactive
proteins were visualised using enhanced chemiluminescence.
2.6. Co-immunoprecipitation
Forty-eight hours after transfection with CFTR-cDNA, COS-7 cells
were collected and a protein extract was made in PBST buﬀer (140 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1% Triton
X-114, pH 7.4). The cell lysate was precleared on protein A sepharose
(PAS) beads (Amersham Biosciences) at 4 C during 3 h incubation on
a rotating wheel. Antibodies against CFTR (MAB 25031) or an
anti-PR65 antibody (sc-6112) were coupled to PAS. The precleared cell
lysate was divided over the antibody-coupled PAS and an equal
amount of PAS as control. After 16 hours of incubation at 4 C, the
beads were washed four times in PBST buﬀer. The samples were
analyzed by Western Blot.
2.7. Solutions
The standard extracellular solution contained: 150 mM NaCl, 6 mM
KCl, 1 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM
HEPES (N-(hydroxyethyl) piperazine-N 0-2-ethanesulfonic acid); ti-
trated with NaOH to pH 7.4; osmolarity was 320 ± 5 mOsm (vapour
pressure osmometer, Wescor 5500, Schlag). In all experiments, before
the experimental protocol was started, KCl was substituted by CsCl to
block completely the inwardly rectifying K+ channel. The CFTR chan-
nel was activated by a cAMP-increasing cocktail containing 100 lM
IBMX (3-isobutyl-1-methylxanthine) and 10 lM forskolin (both from
Sigma) dissolved in isotonic solution. The pipette solution contained:
20 mM CsCl, 20 mM tetraethylammonium chloride (TEA-Cl),
100 mM aspartate, 4 mM ethylene-glycol-O,O 0-bis(2-aminoethyl)-
N,N,N 0,N 0-tetraacetic acid (EGTA), 4 mM Mg-ATP, and 5 mM
HEPES; titrated to pH 7.2 with CsOH. This solution is slightly hypo-
tonic (290 ± 5 mOsm) in comparison with the standard extracellular
solution to prevent spontaneous activation of volume-sensitive chlo-
ride currents. For the okadaic acid experiments 10 lM okadaic acid
was pre-added to the pipette solution. The electrophysiological mea-
surement starts 3 min later after getting the whole-cell conﬁguration.Minus () and plus (+) means, respectively, no activation and acti-
vation of the reporter genes (both HIS3 and LacZ). Only yeast cells
that express both the R domain and full length PR65 or PR1-10 were
able to activate the reporter genes. The data represent three diﬀerent
experiments.2.8. Electrophysiology
Coverslips containing the seeded cells were placed in a recording
chamber mounted on the stage of an Axiovert10 inverted microscope
(Zeiss). Rapid solution exchange and extracellular application of drugswere achieved using a multi-barreled pipette connected to solution res-
ervoirs, and was controlled by a set of magnetic valves. Patch elec-
trodes were pulled from Vitrex capillary tubes (Modulohm) on a
DMZ-Universal puller (Zeitz-instruments). When ﬁlled with pipette
solution they had a DC resistance between 2 and 5 MX. An Ag–AgCl
wire was used as reference electrode. Ag–AgCl electrodes of sintered
pellets (IVM Systems) were used to avoid contamination of the bath
and pipette solutions. Membrane currents were recorded using an
EPC-7 patch-clamp ampliﬁer (List Electronic). For control of volt-
age-clamp protocols and data acquisition, we used the pCLAMP 9
software (Axon Instruments) run on an IBM-compatible PC, which
was connected to the ampliﬁer via a TL-1 DMA interface (Axon
Instruments). Data were ﬁltered at 1 KHz also with the pCLAMP9
software. Membrane currents were measured in the whole-cell mode
of the patch-clamp technique [9]. The cell capacitance and series resis-
tance were assessed using the analog compensation circuit of the EPC-
7 ampliﬁer. The average cell capacitance of Caco-2 cells is 25 ± 2pF.
Generally, between 50% and 80% of the series resistance was electron-
ically compensated to minimize voltage errors. A ramp protocol, con-
sisting of one step to 100 mV and a 400-ms linear voltage ramp to
+100 mV, was applied every 5 or 10 s from a holding potential of
20 mV. In all experiments, time zero corresponds to the rupture of
the membrane. Time courses of the whole-cell currents were measured
from voltage ramps at +80 mV. Current–voltage (I–V) relations were
obtained from the currents measured during the linear voltage ramp.
Experiments were performed at room temperature (20–25 C). Control
(non-ﬂuorescent) cells and transfected (green ﬂuorescent) cells were
analyzed on the same coverslip and had undergone the same transfec-
tion procedure. Electrophysiological measurement data were analyzed
using the WinASCD software package (Guy Droogmans, Laboratory
of Physiology, KU Leuven). Statistical analysis and graphical presen-
tations were performed using Origin ver. 7.0 (OriginLab Corp.).
Pooled data are given as the means ± S.E.M. Signiﬁcance was tested
using Students unpaired t-test and presented as an asterisk (P < 0.05).3. Results
3.1. Identiﬁcation of PR65 as interacting partner of the R
domain of CFTR
A Y2H screen with the R domain (AA 672–855) as bait and
a human total lung cDNA library as prey was performed. In
positive colonies, a construct encoding the full-length PR65a,
a subunit of PP2A, was found (Table 1).
Recombinant GST-PR65a and GST and in vitro synthesized
CFTR, R domain and PP2ACAT, were used in pull-down
experiments. GST-PR65a was able to pull down CFTR and
the R domain selectively. As a positive control the known
interaction between PR65 and PP2ACAT was used (Fig. 1).
CFTR and PR65 were immunoprecipitated separately using
speciﬁc antibodies. The immunoprecipitated products were
analyzed by western blot using antibodies against both inter-
acting proteins. Our results clearly indicated that CFTR could
Fig. 1. Pull-down of the R domain and the full-length CFTR protein
with PR65. Autoradiography of 35S-labeled R domain, wt CFTR and
PP2ACAT, recovered after interaction with GST or GST-PR65. In all
cases, 10% of the input amount of 35S-labeled protein used in the GST
pull-down assay is shown. Data represent three diﬀerent experiments.
Fig. 2. Co-immunoprecipitation of CFTR and PR65. Western blot
(WB) on immunoprecipitates (IP) of COS-7 cells transfected with an
empty pcDNA3 vector (mock) or containing the CFTR-cDNA
(CFTR). (A) PR65 is immunoprecipitated from COS-7 cells transfec-
ted with CFTR-cDNA, CFTR coprecipitates only in the IP of cells
transfected with CFTR. (B) CFTR is immunoprecipitated from COS-7
cells transfected with CFTR-cDNA, and PR65 can be coprecipitated in
the IP but not in the control. Data represent three diﬀerent
experiments.
3394 A. Vastiau et al. / FEBS Letters 579 (2005) 3392–3396be co-precipitated with PR65 in an extract from COS-7 cells
transfected with CFTR-cDNA (Fig. 2) and vice versa, but also
from Calu-3 and Caco-2 cells (results not shown).
PP2A could dephosphorylate PKA-phosphorylated R do-
main in vitro. Okadaic acid (OA), an inhibitor of PP2A [10],
inhibited this dephosphorylation, indicating that PP2A was
responsible for dephosphorylation of the R domain (results
not shown).
Additional Y2H experiments were performed with PR1-10
and PR11-15, cloned into a pACT2 vector, and transformed
to yeast cells containing the pAS2.1-R domain bait vector.
Clones selected by LacZ and HIS3 contained PR1-10 whereas
no clones were found with PR11-15 (Table 1). This suggested
that the domain of interaction with the R domain was located
within PR1-10.Fig. 3. Eﬀect of OA and PR1-10 on inactivation of CFTR channels in Caco-
in Caco-2 cells measured at +80 mV. A black square represents a reference po
of cAMP-activated Cl currents measured at +80 mV during washing out
untreated (control) with 10 lM OA in the pipette solution. (C) Compariso
measured in OA-treated and untreated cells. Bars denote means ± S.E.M., nu
Students unpaired t-test (**P < 0.01). (D) Timecourses of cAMP-activated
forskolin/100 lM IBMX cocktail from Caco-2 cells transfected or non-transf
90% inactivation time of cAMP-activated Cl currents measured from cells e
a negative control. Bars denote means ± S.E.M. and the number of cells anal
t-test (**P < 0.01).3.2. PR65 is functionally important for CFTR deactivation
In order to determine the functional role of PP2A-dependent
dephosphorylation of CFTR, we performed whole-cell current
measurements in Caco-2 cells, applying OA to the pipette solu-
tion. Application of forskolin/IBMX, a cAMP stimulation
cocktail, in the bath solution resulted in large cAMP-activated
chloride currents through endogenous CFTR channels in con-
trol Caco-2 cells (Fig. 3A). These large currents deactivated
very slowly during 5–7 min after washing out the cAMP stim-
ulation cocktail (plateau phase) and then promptly returned
to the baseline level (fast deactivation). The presence of
10 lM OA in the pipette solution signiﬁcantly prolonged the2 cells. (A) Representative timecourses of cAMP-activated Cl current
int taken for normalization of the current in panel B. (B) Timecourses
the 10 lM forskolin/100 lM IBMX cocktail from cells treated and
n of the time to inactivate 90% of the cAMP-activated Cl currents
mbers of analysed cells are indicated. Signiﬁcance was calculated using
Cl currents measured at +80 mV during washing out the 10 lM
ected (control) with a vector expressing PR1-10. (E) Comparison of the
xpressing either PR65 or PR1-10. Non-transfected Caco-2 cells serve as
ysed are indicated. Signiﬁcance was calculated using Students unpaired
A. Vastiau et al. / FEBS Letters 579 (2005) 3392–3396 3395currents plateau phase and delayed the complete deactivation
of CFTR (Fig. 3B and C).
A GFP vector expressing PR1-10, the domain in PR65 that
binds to CFTR, was transfected to Caco-2 cells and the cells
were used for whole-cell current measurements. Overexpres-
sion of PR1-10 signiﬁcantly delayed deactivation of cAMP-
activated Cl- currents through CFTR channels (Fig. 3D and
E), similar to the results obtained upon OA application. In
contrast, overexpression of full-length PR65 had no eﬀect on
the properties of the current through CFTR channels (data
not shown and Fig. 3E). These results demonstrated that
full-length PR65 protein, and formation of functional PP2A
complex, was required for eﬃcient deactivation of CFTR
channels.4. Discussion
The regulation of the activity of the CFTR chloride channel
is complex and the phosphorylation state of the R domain
plays an important role in it. PKA and PKC are two kinases
that have been shown to phosphorylate and activate the chan-
nel. The deactivation of CFTR by phosphatases however is
less understood. Studies in excised patches from heterologousFig. 4. Schematic representation of the eﬀect of active PP2A, addition of oka
In the absence of phosphatases the R domain of CFTR remains phospho
phosphatases such as PP2A, the R domain will be dephosphorylated and th
PP2A inactive, blocking the dephosphorylation of the R domain by PP2A, t
inhibits PP2A molecules to bind and dephosphorylate the R domain, the CFcells overexpressing CFTR [11–13], in intact cardiac myocytes
[14] and the sweat gland [15] suggested a role for PP2A
involvement in the deactivation of the CFTR channel.
Protein phosphatase 2C (PP2C) can dephosphorylate CFTR
in vitro [13,16], can bind directly to the R domain and to full
length CFTR and can deactivate the CFTR chloride channel
[17]. The general idea is that PP2A and PP2C are the major
phosphatases involved in CFTR deactivation.
The present results demonstrate that PR65a, a subunit of
PP2A, binds CFTR in vitro as well as in vivo. Y2H studies
demonstrated that the ﬁrst ten HEAT repeats of PR65 are
responsible for the interaction with the R domain. Puriﬁed
GST-PR65 interacted with the R domain and CFTR in vitro.
Co-immunoprecipitation experiments in COS-7, Calu-3 and
Caco-2 cells showed that CFTR and PR65 could be found in
the same complex. This interaction is rather conserved since
it is present in cells endogenously expressing CFTR (Caco-2
and Calu-3) as well as in a heterologous expression system like
COS-7 cells.
The observed interaction of CFTR with PP2A may be phys-
iologically relevant. First, the interaction was detected in dif-
ferent assay systems, in vitro as well as in vivo in both yeast
and mammalian cells. Second, phosphorylated CFTR was a
substrate for PP2A dephosphorylation. Third, inhibition ofdaic acid and overexpression of PR1-10 on the CFTR Cl channel. (A)
rylated and the CFTR Cl channel is active. (B) In the presence of
e CFTR Cl channel is inactive. (C) Addition of okadaic acid renders
he CFTR Cl channel will stay active. (D) Overexpression of PR1-10
TR Cl channel is active.
3396 A. Vastiau et al. / FEBS Letters 579 (2005) 3392–3396PP2A activity by OA delayed the closure of the CFTR channel
and overexpression of PR1-10 in Caco-2 cells resulted in a pro-
longed deactivation of the channel. This region binds to
CFTR, while it is known that PR11-15 binds to PP2ACAT
[6]. PR1-10 probably competes with the binding of the endog-
enous PP2A and thereby interferes with proper deactivation of
the channel (Fig. 4). So PR65 may actually serve as a bridge
between CFTR and PP2ACAT. In conclusion, a direct interac-
tion between CFTR and PR65 was found, this interaction
leads to the deactivation of the chloride channel.
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